
MONTHLY WEATHER REVIEW. AUGUST, 1916 436 

This discussion of sources of error due to real changes 
in refraction-the effect of which can be deteriiiined and 
accounted for-is of inore importance f roin a iiieteor- 
ological and, probably, even from an astronomical point 
of view thun the many discussions in preacnt-day astro- 
noniicd ~itera!urc regarding the faillire of methods of 
obserntion due to accideiitnl refraction errors, to 
slugwish levels, and to various instru:iientrtl errors. It 
is, tfierefore, wholly appropriate that it comes from an 
observatory whose first director *' was movcd to write: 

The observatory is not rimarily designed for a meteorological sta- 
tion. Its very exceptionafaituation. liowever. creates a respomil>ility 
on its part to engage to Rome extent in makinq * * * meteor- 
ological observation * * *. The elevated and isolated site of the 
observatory will render researrhea on astroiio~iiic.~l refraction of especial 
value, and the disposition of buildings and instruments hse been made 
with this end in view.-Wna. G. Reed. 

ON THE ABNORMAL PBOPAGATZON OF SOUND WAVES IN 
THE ATMOSPHERE.' 

By S. PUJIWHARA. 

[Abstracted for the REVIEW, by H. Bdcnnn, Ph. D., Gowns, M3.1 

1. Shape qf the region. n j  ti trii.ibb/iiy. 

Peculiarities in the shape of the region of audibility of 
the sound froiii an csplosion hurc? been notiwd very fre- 

heen sssociateil 
present war 

for the study of the 
by cannonaclina, 

esplosions and eruptions of Mount 
even better opportunit.ies for in- 

and made systeniatic observa- 

the subject. fn  

scientists have collected some 

tions. The niaterial thus obtained has been studied 
mathematically b S. Fujiwhara in two able iiieiiioirs in 

to the st.ruct,ure of t.he atmosphere can be derived from a 
knowledge of the shape of the remion of audibility. Some 
interesting types of regions are &ow11 in figures 1 to 6. 

A brief account of hjiwhara's first memoir has already 
been given in this REVIEW (May, 1914,42: 258-565). In 
his second nieinoir the aubhor uses his niatheiiiatical re- 
sults to obtain an idea of t,he shapc of the region of audi- 
bility for each of tlie fire types of atmospheric structure 
described b C. J. P. Cave in his book Tho Structure of 

(a) " S o h  current, in which the wind reiiiains st.eady 
in both direction and velocity in the upper lnyem. 

(b ,  Continued increase of velocity beyond that of the 
gradient wind. 

(c) Decrease of velocity in the upper atmosphere. 
(a) Reversal or a great change of direction in the upper 

layers. 
( e )  An upper wind blowing out from a dist,nnt low- 

pressure center; frequent reversal in t,he lower luyers. 
For all the cases in each class Fujiwhara has esnminetl 

whether a discontinuity of the region of sndibili ty of :in 
j?splosion can occur or not; his rnsults are show11 in 
rable 1. 

which he shows t iT ut important information with regarc! 

the Atmos ?: iere in Clear Weather. These are: 
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TABLE l.--C2as8@m%n o/ the ref ins  of audibility about an a. lo&r 
mntcr for the diferent w e s  of atmospheric structure desa&d ba( 
Mr. Caw. 

Ni ................................. 
Nd.. ............................... 
NdiN I . .  ............................ 

NOTE.-Nt denotesthe total number Of C8.W.Y in each ClSSS; Nd, the number Of eaSW h 
whlch dlscontluuity IS to be expected. 

Thus, if the region of audibility is disc.ontinuous the 
winds in t.he upper atmosphere can not belong to classes 
a or c,  PQ bong ( j ~ p  horizon.tn1 homogmrity rf the ntmnspltare is 
assu.md. In nearly all cases greeter ranges of rays cor- 
respond to sni aller gradients of wind velocities-air tem- 

eratures and the inclinations of the rays at  tlie start 
[eing assunied as given. Since the direction of the axis 
of bhc rqgion of aiidibiliby c.oincides nearl with bhnt of 

tion takps place (see 53, eq. (3), me can get arough idea of 
thc wind direction in the upper atmosphere from a knowl- 
edge of the surface wind and the direct.ion and range of 
the regions of audibility. 

In the first memoir the author pointed out that the 
occurrence of the detached region of audibility, i. e.,.an 
abnonnal region, was closely connected with the exist 
ence of powerful cyclones. Many cases given in the 
prevent pa.per, however, are not in keeping wit-h the above 
conclusion. The cases given in the first paper, however, 
occurred chiefly under weather conditions of the wmty 
type. Now in winter the direction of the monsoon III 
Japan is northwesterly and no local depreeulon of inlport- 
ance OCCUM over centml Japan. Thus the region of 
audibility must continiiouslv estend toward the east or 
southeast under the normd condit,ion of winter. But 
when a powerful cyclone a proaches, the above condit.ion 

detmted. In the slimmer months the direction of the 
nionsoon is southenst,erly, and the development and pas- 
sage of a local depression over central Japan i3 a daily 
phenomenon. The direction of the upper wind due to 
this dcpresaion , whose height above sealevel is compara- 
tivelv small, about the snme as that of Mt. A4san18, 
can by no means coincide with that of the monsoon, and 
hence detached regions of nudilility niay occur. When 
:I powerful cyclone approaches froni the west, we may 
have abnormal cases in which no det.ached region can be 
detected or in which one is found in a djrectlon other 
than westerly. In the period of transition from the 
weather of winter to that of summer, or vice versa, the 
direction of the wind of monsoon typc is not confined to 
the northwest or the southeast, but can be mywherebe- 
t.ween the northwest and southeast on the north side. 
In these periods the energy of the monsoon becomes less 
lind the affect of cyclones or other meteorologicd ele- 
ineiits on the henoinenon of the propagation of sound 

The inuthematical theory is worked out on the assump 
tioii that the atmosphere is uniform in each horizontal 
plane. There must. also be further abnormalities of prop 
iteation when the uniformity is broken by the presence 
of floating sheets or masses 01 cloud in which the tenipef- 
ature may be different Iroin that of the surrounding au 
mil when a Hehnholtzian wave esists a t  the bounday 
of two layers of the atmosphere with different velocities 

the rnlat,ive wind ve1ocit.y at the height w t ere the reflec- 

is disturbed, and detache B regions of audihility may be 

waves can eusi r j- become predominant. 
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no. I.-Regiona of audlblllty of wunds of exphion of .4$sma rolmns, De--. 14, 1912. FIG. ?.-.Re#onsof uudibUItly ufsuundsof Churt ex !71u.) lodonaof Asama, June 17,1913. (Author‘s 
(Number of reports hemi indieflttpd by figure at each station.) Ashes fell over tho 
alppled area. (Author’s Chart 10.) 

8 L S 

Fm. 3.-RegIon# of audIbUIty of sounds of e. lonions of Asamn, Aug. I?, 1913. (Author’s FIQ. rl.-RCgioM of audibility of sounds of ex loalona of Asama, Oct. 20,1913. (Author’s 
(‘hr31Vfl.)  Chart X h l a . )  
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( ' h ~ r t  S111~1.) 
FIQ. I.-Regiona of sudlbllity of Rounds of ~n l~ lua lons  of Amma. July 19.1913. (Author's 

and tempera.tures. Also wlieii there are local convec- 
tional currents of air accompmying sqiialls or thunder- 
storms. The mathematical t,heorv has not yet been 
developed for these cases, but Fujiuharn remarks that the 
henomenon of rolling sound has a close relation with 

&elmholtzian waves. 
A brief account will now be ,oivcn of the way in which 

the shape of a region of nudilAity can be calc.uiatcd when 
the met.eorologicrll conditions are known. 

2. Epat.ians for the r a p  of sound. 

These were decluccd by Fujiwliwa in his first memoir, 
from the hytlrodpamical ec uations; they simply es- 

the velocity of the waves relative to t,he air and the 
velocity of t,he wind. Let (e, 4) be the spliericnl polnr 
coordinates of the wave-noniinl u t  a point wit.li rec- 
tangular coordinates z, y, z, the polar nsis and axis of z 
being vertically upward. Then if t,he medium is strati- 
fied in horizontal layers m d  the wind has horizontal 
components (u, v , )  u t  t,he point- ( r ,  y, z )  we have the 
equations 

and 

press the fact, that the my vc I ocity is t.he rector sum of 

4=40 

c coscc e +u COS @ +v sin 4 = c, coscc 0, + 11, cos @ 
+ u, sin 4, (1) 

which express tlist the ve1ocit.y and direction of the line 
of intersection wit.h t,he horizon of the t,angent p h e  to  
the wave-front remain constnnt! u,, v,, e,, e, arid rb,, being 
initial values.z 

The equations dctrrniiiiiiig the rays :we now: 
d.c = udt + cdt sin e cos +, 
dy = idt + cdt sin e sin 4, 
az = c(it COS e, 

consequen tlj- 

where e is given by (1 1. 

s 
FIQ. &-Regions of audlbnity of sounds of explosions of Asama, at Ijb 10- an Junc 28, 

1913. (Author's Chart VIIIo.) 

3. C0ndition.s j b r  rcfledion. 
If the wave be reflected at ths level z = we must have 

0=90° and so 
(3) 

where Vcosa is the coniponent nlon the horizontal pro- 
ject,ioii of the wave-noimnl of the ciange in velocity of 
the wind as conipned with that at  the origin. In order 
t.hat the ware may not be reflectcd nt ti lorn-cr level 
c +  Ycosa niust be greater than its mlue for a11 lower 
levels and so greater than it,s initial value e,. We thus 
oh taiii the conditions 

c,-c< v 
and 

c, cosec e, - c = 1' cos a. 

d d C  -(Vcosa)> --. 
dz dz 

Fujiwhurit replaces the lwt. condition hy t,he necessary 
condit.ion t.hat t,he verticsl gradient of the horizontd 
wind velocity should be gren-ter in absolute niagnitude 

d C  than - - . dz 
Fujiwhnra applies theso coiiclitioris t.o AX\ :it.inosyhere 

h i l t  up of horizoiit.al stratn each a half kilomcter in 
haiglit, the gradients in each st.raLtuin being miifom. 
Ths constants art? chosen so that the rcdocitica at the 
bomidnries het.wat?n the strata agree with those observed 
st Ditchani3 u t  6:OS 1'. ni. on May 21, 1007. Thn velocity 
of sound is calculated by using the 111e1131 tc. Ini p crittures 
for May over England.' In the following espressioiis 
2 ,  z1, z2, - - are ineasurcd in kilometers and each of them 
iissumes values betw'oen 0 and $. 
Stlrnl lb m. c. ITCOSQ. 
0 -0.5 337.0-2.22 6.600~('250~ - 4 ) ~  
0.5-1 335.9-2.4~~ 3 . 3 ~ 0 ~ ( 2 5 0 ~ - 4 )  +6.3coa( 33'-4)z, 
1 -1.5 334.7-2.4.~~ 2.5~0~(322'  -4) - ! - 6 . 6 ~ 0 ~ ( 1 1 3 ~ - ~ ) . ~ ~  
1.5-2 1.6~05 ( '7 1 ' - @) + 3.6~0s (1 15' - $)z, 
2 -2.5 333.2- 32,  COS( 9So-#) +16.2~0~(41'-+)~, 

333.5-2.6~~ 

a caw, 0 . cit., p. 85. 
4 Qold h! The internatlolls1 klk, and balloon asnmts. Geophys. mem. No. 5 rp .a. 

(hletembl. Office, London.) lola. 

a Bavlcigk Theory of Sound. Y .  2,p. 183. 
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Since ro -c>  1.' for z = 1.5, there is no reflection at this 
level. Above z = 2 sound waves can be reflected becmse 
of the sudden increase of wii?d vdocity and since the 
relst.ive wiiid vclocit,v has an azimuth of 56' the rcflcc- 
tion takes place cliiiicfly in a northcasterly direction. 
For t.he lower stratum (z< 1) t.he azimuth is about 259" 
aiid so the reflection takes plii,cc! niiiinly ill IL w-eut.cr1.v 
direction. Thus t.he sound is audible in a region c?xtmd- 
ing somewhat to the west and probably in 1% detached 
re ion toward t.ho nort,heast. 

%or 4=259" we find that e+ Vcosa increases with z 
up to z=O..i and then decreases; hence among t.hr ra s 

of 0.5 kilometer hns the masimum range. For this ray 
eo cosec 8,=337 COS~C.  8,=335.9+3.3=339.2. 

The range is ea.sily found from (2) to be 17.6 kilo mete^. 
Similarly for rays with azimuth 259'f30", e +  Vcosa 
has a maximum value at  s = 0.5, axid the rays with vertices 
at this height are given by 

The musinium range, R, is 19.6 kilometers. Similarly 
for rays whose azimuth is 210' from the n0rt.h K = P 1 . S  
kilometers. 

with aziniuth 259' one which hns its vertes at  a heig E t 

337coseceo = 335.9 + 3.3 COS 300 = 33s.s. 

.. ., . . ", #,4: 
i', +,> +h,,,; THIRD REGION .'/"',, 

' I  SCALE 
(I I O  zo sa 40 so 

Urn 
._ - 

Fm. 7.--Ths arlrulnted mgkm of audibility. (Author% f ig .  2, p .  15.) 
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Cnlling tho region of audibility associated with the 
wind in thc strntuni z< 0.5 the j r s t  region. we can find 
the extreme valut~s of 4 for this region by making 
e +  Vvosar independent of z. The resulting equation 

6.6~0~(259'-4) =2.2 

gives two values of 4,  viz, 4,'= 1SS' 30' and +,"=329' 
80'. We have R = 0 for 4 = &' m t l  4 = &", while R = 00 
for q j = & ' + e  tlnd r#~=$~,"-e, e being a small positive 
unglt.. 

Thc swontl region ?f azdibilit!y is associated with winds 
in the layer O.. i<:<I .  I n  order that reflection may 
take place e +  Vco~a must incrcwe with z and so 4 
must satisfy the inequdity 6.2~0:;(33'-$) >2.4, which 
gives 

-34' 15' <4< 100' 15'. 

Thc? masimum value of c +  VCOSLV for any of these 
vnlues of 4 is attained when 2 - 1  and must be greater 
than eo or 337. This gives us the inequality 

334.7 + 2.5~0~(328'-4) > 337, 

t,lierefore c f ~ <  -11' and SO -34" 15' < 4 <  - 11'. 
We have B =  00 for the smallest value of 4, the corre- 
sponding value of K for the fiist region is found to be 
66.6 bilonict eis. 

The third region. o clud~i.?~.ility is sssociated with the 

wit.h z we must have l 6 .3cos (4 l0 -~ )>3 ,  therefore 321' 
.40' <t$<iSOo 21'. For a ray wit.h azimuth 6 the mini- 
mum height ern of the vertes is given by 

winds above ~ = 2 .  I! n order that c +  Vcosa mr1.yincrease 

4.8 +31;,-3.2~0~(9S' -4 )  - 1 6 . 2 ~ 0 ~ ( 4 1  " -4) Cm=O. 

Giving @ ;L vnlu!? 4,,, for which ern has it.s minimum value 
( 3 ; 0 ) ~ ,  it  is found b 7 :I grsphicid method t,hat. &,= 70°, 
(crn)m=2,17 kni. Tile corresponding range R is found 
t.0 be 44.3 kilometers. A smaller mnge, R=31.5 kilo- 
meters, is given by takin 340sinOo=337. For sine0=1 

Since these two ranges tire approximately equal and 
very nenrlv in the same direction we may conclude 
that a double report will be heard in t,he neighborhood 
of a point distant 45 kilometers from the ori 'n and in 

msumes in his etilrulations t.hat t,he gradient of wind 
vclocit,y aborc 3.5 kilometers is in azimuth 430'. Below 
this level the wind re1ocit.y does not esceed 4 meters per 
second and so in tin interval of about 135 seconds the 
(wss wind  TI^ not devint,c the rqys more than two or 
three hundred inetrrs from n line in azimuth 430'. The 
three regions of sudibi1it.y are shown in figure 7. 

The tinie the sound takes to describe the range R is 
given by the formula 

the range is 44.4 kni and f or 345sinBo=337 i t  is 45.2 km. 

azimuth 430'. I t  should be remarked that % ujiwhara 

where e is given b~ (1) snd by (3). E'ujiu-hara finds that 
I,=133.1 sec., t,=137.S sec., thus the time interval is 
2.3 seconds. E'ujiwhnrii also niakes a few remarks on the 

uestion of t.he flow of energy in a sound wave and studies 
&e effect of the curvnture of the earth on the range of a 
sound ray. He finds that the correction to allow for 
curvature is generally small, but in a rare exceptional case 
it, niuy amount to as much as 42 per cent-. 


